Due to their intrinsic merits including non/less-invasive virtue and capability of automation and remote sensing, geophysical electromagnetic (EM) methods such as time domain reflectometry (TDR) [1] and ground penetrating radar (GPR) [2] have long been recognized as effective and practical methods in geomaterials characterization [3] , [4] . Generally measuring time or frequency dependent EM properties of geomaterials as response to an applied EM field, EM methods are able to characterize geomaterials in terms of correlations between their EM properties and compositional and structural properties. Successful applications of EM methods in this regard have been massively witnessed since decades ago, among which the determination of water content of geomaterials is probably the most well-known one [5] .
I. INTRODUCTION
Due to their intrinsic merits including non/less-invasive virtue and capability of automation and remote sensing, geophysical electromagnetic (EM) methods such as time domain reflectometry (TDR) [1] and ground penetrating radar (GPR) [2] have long been recognized as effective and practical methods in geomaterials characterization [3] , [4] . Generally measuring time or frequency dependent EM properties of geomaterials as response to an applied EM field, EM methods are able to characterize geomaterials in terms of correlations between their EM properties and compositional and structural properties. Successful applications of EM methods in this regard have been massively witnessed since decades ago, among which the determination of water content of geomaterials is probably the most well-known one [5] .
Despite its great success, the application of EM methods in geomaterials characterization is still confronted with many theoretical and technical difficulties. Almost all geomaterials are heterogeneous systems composed of components with different physicochemical properties. Complex EM properties of some constituent components in addition to interface processes arising from the interaction between those components make the overall EM properties of most geomaterials extremely complicated. Theoretical consideration on their EM properties is greatly challenged by this complication because it is difficult to take all factors into account. However, carefully designed experimental studies are able to determine factors that dominate the EM properties of geomaterial at defined environments and thereby able to greatly simplify and/or optimize theoretical consideration. Experimental studies, especially in a broad frequency range, are also able to find out correlations between EM properties and other engineering parameters of geomaterials, which are practical in field investigation.
On the other hand, EM properties of a geomaterial are generally affected by a great number of factors related to environmental parameters as well as its compositional and structural nature. For civil engineering purposes, it is intended to measure EM properties of geomaterials without disturbing their engineering nature. Optimized measurement protocol in combination with non-destructive sample cells is therefore highly desirable to this end. Open-ended coaxial probe (OC) has long been used as a non-destructive sample cell in the characterization of various materials including biological tissues [6] , [7] , liquids [8] - [10] , and geomaterials [11] - [14] . Since the sample under test has to be fully contacted with the flat end of this type of probe, it is generally only suitable for soft materials or hard materials with ideally flat surface. In addition, due to the size of this type of probe, the effective measurement volume is normally limited to the order of cm 3 . A non-destructive two-port coaxial transmission line cell (CC) recently developed by Lauer et al. [15] is able to measure a larger sample volume but still keep the sample undisturbed. However, this coaxial transmission line cell is not suitable for materials that are fluid or tend to shrink during measurement.
In this paper, dielectric measurement methods based on vector network analysis technique in combination with self-manufactured CC and OC is introduced, which can cover a broad frequency range from 1 MHz to 3 GHz. The calibration and calculation procedures of these two types of cells are simply reviewed. The dielectric properties of two practical geomaterials are measured, including compacted kaolin and a commercial grout. Considering the nature of these materials, the CC is chosen to measure kaolin after modified compaction with different water contents, and the OC is employed to monitor the hydration process of the grout in real time. It will be demonstrated that the sample cells and the corresponding measurement protocol are applicable in the characterization of similar geomaterials.
II. METHODS
Since most materials are non-ferromagnetic, EM properties of a material generally refer to its dielectric properties represented by complex relative permittivity ( * We use here a vector network analyzer (VNA, Agilent E5061B ENA) in combination with a CC or an OC to measure the dielectric properties in a frequency range from 1 MHz to 3 GHz. Prior to the dielectric measurements, a mechanical calibration kit (Agilent 85032F) is used to calibrate the VNA measurement port(s) so as to remove systematic errors and imperfections from the VNA and coaxial cable(s). However, the measured signals at the VNA port(s) contain information not only from the sample under test but also from sample cell and its adapter; therefore further calibration and/or algorithms approaches must be carried out to accurately determine the dielectric properties. The CC and OC used in this study and their corresponding calibration procedure and/or algorithms approaches are simply reviewed below.
A. Two-Port Coaxial Transmission Line Cell (CC)
The CC used in this study and the adaptor (SPINNER GmbH, Germany) [15] - [17] used to accommodate the CC are illustrated in Fig. 1 . Prior to dielectric measurement, standard calibration is carried out at the end of the coaxial cables, which removes systematic errors and shifts the reference plane to position I as shown in Fig. 1 (c) . However, dielectric measurements taken at reference plane I still contain unwanted information from the adapter units. In order to eliminate it, the reference plane is shifted to position II by a subsequent phase shift correction prior to the computation of * r ε [15] , [18] .
An iterative inversion technique called BIJ [15] , [18] , [19] is employed to compute * r ε from measured scattering parameters S ij after calibration and pre-processing of the dataset. But the propagation matrix algorithm (PM), as a quasi-analytical method, is used in a first step to determine * r ε by using the combined propagation factor -impedance method [20] based on the following relationship
where Z 0 and Z s are the characteristic impedances of the empty CC and the sample, respectively, γ s is complex propagation factor, and c 0 is velocity of light. This * r ε is subsequently taken as an initial value to start the iterative computation with BIJ. Then, the actual * r ε is calculated iteratively for each measured frequency by the following set of equations 
With Z s and γ s given by
The iteratively calculated * r ε is determined by finding the minimum of the difference D, defined in (4), between measured and numerical calculated scattering parameters S ij by means of a Levenberg-Marquardt algorithm [21] , [22] . After 1000 frequencies (equal to 630 MHz) the appropriate starting value of the iteration is obtained by means of the median of the previous 100 results in order to achieve a stable starting guess for the iteration.
B. Open-Ended Coaxial Probe (OC)
The OC [14] used in this study is schematically illustrated in Fig. 2 (a) , where the dimensions of the probe are also shown. When it is under measurement in combination with a VNA, the signal flow within the probe and the sample under investigation is simply demonstrated in Fig. 2 (b) . The complex impedance * s Z of a sample is determined from the complex reflection coefficient (Γ) at the interface between the flat end of the probe and the sample * 0 1 1
where Z 0 is the real characteristic impedance of the coaxial transmission line (Z 0 = 50Ω). However, Z 0 of the probe is mostly not known a priori, and Γ is different from the reflection coefficient S 11 recorded at the VNA port, because the latter includes not only information from the probe/sample interface but also from connector and probe (see Fig. 2 (b)). According to the signal flow shown in Fig. 2 (b), the scattering matrix is defined as:
where ij S ′ with i, j = 1, 2 are the elements of the scattering
, a i and b i with i = 1, 2 are incident and reflected waves, respectively, and i = 1 and 2 correspond to the ports connected to the VNA and the probe/sample interface, respectively. With S 11 = b 1 /a 1 , Γ = a 2 /b 2 , and (10), the following equations can be derived
And therefore Γ is related with S 11 via 11 11
On the other hand, the interface between probe tip and sample can be modeled as two parallel capacitors in a first order approximation, as represented in Fig. 2 (c) 
where C f is capacitance determined by fringing-fields effects inside the probe, and C 0 is capacitance that depends on effects of the fringing-fields outside the probe tip that couple to the sample. The complex relative permittivity of a sample can thus be determined from S 11 in line with the following bilinear equation that is based on (9), (13) , and (14) [23] , [9] 
With complex calibration constants c 1 , c 2 , and c 3 , given by: 
Since the lumped circuit parameters Z 0 , C f , and C 0 are coupled with c 1 and c 2 , it is not necessary to estimate them individually [9] . To determine these complex calibration constants covering the whole investigation frequency range, a combination of two calibration procedures are carried out [14] , namely, Open-Water-Short (OWS) calibration for frequencies lower than 500 MHz and Open-Water-Liquid (OWL) calibration for higher frequencies.
1) Open-water-short (OWS) calibration
Substituting the short parameters ( 1 Γ = − and 11 11 S S S = ) with (13) into (18) 
where superscripts S, O, and W stand for short, open, and water, respectively, and * , r W ε is the complex relative permittivity of water. Solving the above complex equations gives c 1 , c 2 , and c 3 , which together with the measured 11 S can be subsequently used to determine the unknown * r ε of the sample at each frequency by using (15) .
2) Open-water-liquid (OWL) calibration
The OWS-calibration described above has limitations in the high frequency range above approximately 500 MHz due to the inaccuracy of the short calibration. Therefore, an additional OWL-calibration is used. Several standard liquids, such as ethanol, methanol, and acetone, with known * r ε are measured in addition to open and water measurements. The following series of equations can be obtained: where the subscript or superscript L, i represents additional standard liquids. Likewise, numerically solving the above series equations gives the complex calibration constants, which are then used for determining the complex relative permittivity of the sample under investigation.
III. EXPERIMENTAL

A. Materials
Kaolin used in this study consists of almost 100% kaolinite. The liquid limit (LL = 90%) and plastic limit (PL = 35.7%) are determined according to [24] , which classifies the kaolin in the Casagrande chart as inorganic clay with extremely high plasticity (CH) [25] , [26] . The specific gravity of kaolin is determined to be 2.54 by using a water pycnometer [27] .
The grout used in this study is Cementitious Shrinkage Compensated Grout (Emcekrete 'HP'), purchased from a Building Chemical Supplies Pty Ltd., an official MC construction chemical products distributor for Australia. The grout consists of aggregates, mainly sand, with size smaller than 0.2 mm and bleeding characteristics [28] less than 1% up to the initial set. The material has an initial setting time within +3 hours and -15 minutes of the stated setting time [29] , with a final setting time not later than 4 h after the initial setting time [29] . The restrained expansion of the grout is determined to be less than 0.1% [30] . 
B. Measurement Procedure
Modified compaction tests on kaolin are conducted according to [31] . Prior to the compaction, seven soil samples are prepared with water content ranging from 17.5% to 32.1%. The prepared samples are left to cure for at least 24 hours to achieve homogeneity. Then, each soil sample is compacted by putting five layers into a mould (100.0 mm in diameter and 120.0 mm in height) with each layer bearing 25 hammer (44.5 N) blows with a falling height of 457.2 mm. Once each soil sample is compacted into the mould, a CC is pushed into the soil and subsequently extruded out by using a jack. As soon as the sample cell is taken out of the mould, soil remained in the inner conductor is removed and the outer conductor is cleaned. The whole cell with soil loaded is then put in the adapter and subject to dielectric measurement.
The grout specimens are made with a mixing ratio, chosen as a pour-to-flow consistency, with determined water/grout ratio of 0.168-0.176, with an average yield of 0.0133 m 3 . Dry grout is placed in a ceramic bowl, gradually adding water to prevent balling. Mixing time is 3-4 min, till a consistent grouting paste is achieved. Paste is carefully poured into a partly greased OC (grease is used for easier cleaning of the probe after the experiment is finished), covered with a matching cap and sealed with masking tape to prevent uneven hydration of the specimen.
A self-developed macro (based on Visual Basic) runs the continuous VNA measurement with 50 signal calibrations at every given measurement, every 5 minutes for the first 24 hours and every 15min for the next 48 hours. This study is focusing on the period of the initial 54 hours, which represents the main hydration process. Fig. 3 shows the spectra of the real part of complex relative permittivity r ε ′ of the compacted kaolin with different gravimetric water contents w. As can be seen, the dielectric behavior of the compacted kaolin has a strong relationship to w, characterized by the different dependence of r ε ′ on frequency. For all samples, when frequency is lower than about 200 MHz, their r ε ′ increases obviously with decreasing frequency, which indicates that dielectric relaxations due to certain strong polarization processes occur.
IV. RESULT AND DISCUSSION
A. Modified Compacted Kaolin
Our previous study [17] on standard compacted kaolin indicated that two dielectric relaxations can be observed in the frequency range of 1 MHz to around 200 MHz, where the high-frequency relaxation occurs at about several tens MHz and the low-frequency relaxation occurs at sub-MHz range. An equation containing two Cole-Cole equations terms [32] that account for these two dielectric relaxations were used to characterize the dielectric spectra, which gives a good fit to the experimental curves [17] . In this work, the dielectric behavior of the kaolin with modified compaction is similar to those in the previous study. Accordingly, the same equation containing two Cole-Cole terms and a direct current (DC) conductivity term is also used to characterize the spectra Fig. 4 shows the curve fitting by using (23) on the measured dielectric spectra of compacted kaolin with w=20.5%. The discrepancy between the total fit and the experimental data at the low frequency tail in the r ε ′ -spectrum (see Fig. 4 (a) ) is due to the effect from electrode polarization or another dielectric relaxation occurring at lower frequencies. Furthermore, the contribution in the imaginary part at frequencies > 1 GHz (Fig. 4 (b) ) due to reorientational polarization of water molecules in the aqueous pore solution with relaxation frequency > 10 GHz [33] is not considered. Despite this, we can see that (23) gives a satisfactory description on the dielectric behavior in the investigated frequency range. Two relaxations with the high-frequency relaxation located at about 10 MHz and the low-frequency one at about 1 MHz can be observed. Other samples show similar results but with different relaxation strength and relaxation time. As discussed in [17] , the low-frequency relaxation is possibly due to the diffusion polarization of counterions in the pore water, and the high-frequency relaxation is ascribed to interfacial polarization where the Maxwell-Wagner effect [11] is dominant. For kaolin prepared at the wet side of the compaction curve, which generally has higher water content and nearly 100% saturation, we observed that only a small part of the low-frequency relaxation can be measured in the investigation frequency window. The fit on the low-frequency relaxation thereby suffers large uncertainties. However, the high-frequency relaxation can be entirely measured for all samples; therefore the fitting results on it are basically reliable, even though the fitting variables may have an error up to 10% due to the influence from the low-frequency relaxation. Note that these two relaxations are superposed with each other.
In Fig. 5 , the results regarding the dry density and the high-frequency relaxation strength of this study (modified compaction) are compared with those of the previous study (standard compaction). As can be seen in Fig. 5 (a) , the compaction curves are as expected, with the modified compaction test giving lower optimum water content as compared to standard compaction but relatively higher dry density when the water content is the same. The dependence of high-frequency relaxation strength on water content of both cases shows a similar variation tendency as the compaction curve (see Fig. 5 (b) ), with the maximum relaxation strength appearing right at the optimum water content. This result indicates the reliability of the current measurements and suggests once again that the high-frequency relaxation strength has a strong correlation with the dry density of the compacted kaolin.
B. Hydration of Grout
The hydration process of cement has been vastly documented but still remains not thoroughly understood [34] , [35] . Nevertheless, it is generally accepted that the hydration of cement and cement-based construction materials, such as grout, mortar, and concrete, undergoes the following 4 stages: 1) an initial stage in which cement quickly dissolves in water accompanied by release of heat; 2) a slow reaction stage or induction stage during which almost no reaction occurs due to reasons still under controversy; 3) an acceleration stage where rapid reaction occurs mainly due to the hydration of C 3 S; and 4) a deceleration stage generally called diffusion-limited reaction period, in which the reaction is remarkably slowed down because the hydration product surrounding the unreacted cement seriously hinders the diffusion of water inward and the diffusion of dissolved ions from unreacted cement outward. Since dielectric measurement is quick and sensitive to the subtle change of composition or structure of a system, we believe that the hydration process can be effectively monitored in real time by dielectric measurement. The grout used in this study is mainly composed of cement and fine sands. When mixed with water, because the dielectric properties of sand barely change with frequency in the investigation frequency range, the dielectric behavior of the grout is almost completely determined by the hydration process of cement. Fig. 6 shows the evolution of the dielectric behavior of the grout with the hydration time. As can be seen, the dielectric behavior of the grout changes obviously with hydration time.
In order to better understand the dielectric behavior at different hydration time, curve fitting is also carried out for the dielectric spectra. We found that three dielectric relaxations can be observed in the investigated frequency range; accordingly (23) with one more Cole-Cole term is employed to fit the experimental curves. Fig. 7 shows one of the fittings. The low-frequency relaxation occurs at around 10 MHz, which has the largest relaxation strength, the middle-frequency relaxation is located at around 100 MHz, and the high-frequency relaxation occurs at several GHz. Three main polarization processes generally occur in most heterogeneous systems like grout are most likely accounting for these dielectric relaxations, namely, reorientational polarization of water molecules, interfacial polarization, and counterion diffusion polarization, in a sequence of increasing relaxation time. The reorientational polarization of water molecules strongly depends on the state of water molecules. For free water, this polarization almost always occurs at around 20 GHz; for adsorbed and/or hydrated (chemically bond) water, it shifts to lower frequency range, and the tighter the water molecules are restricted the lower frequency it goes. In the present study, the high-frequency relaxation occurs at several GHz, which is basically not possible to be accessible to interfacial and counterion diffusion polarizations; it is therefore very likely to be attributed to the reorientational polarization of water molecules. However, because the reorientational polarization of free water always occurs at around 20 GHz, this relaxation should be a combination result of polarization from both free water and loosely adsorbed water such as those in micropores or attached loosely on the surface of solid particles.
The middle-frequency relaxation might arise from interfacial polarization but is also possibly due to the reorientational polarization of highly restricted water such as those tightly trapped in cement paste and chemically bond water in the hydration product. The low-frequency relaxation is possibly due to counterion diffusion polarization but more likely due to interfacial polarization. In order to find out the mechanisms of these relaxations, we plot their fitting results as a function of hydration time in Fig. 8 .
It is interesting to find in Fig. 8 that all fitting variables clearly and consistently indicate the different stages of the hydration process. As can be seen, the initial stage lasts about 1 hour, accompanied by distinct increase of DC conductivity and the relaxation strength of the low-frequency relaxation ( 1 ε Δ hereinafter) and slightly decrease of * r ε at 1 GHz and the relaxation strengths of the middle-and high-frequency relaxation ( 2 ε Δ and 3 ε Δ , respectively, hereinafter). This is possibly due to the release of ions from dissolved cement and the consumption of water for dissolving cement. However, Due to heat release in this stage, the change of temperature should also have significant contribution to the variation of these variables. The induction stage lasts approximately 7 hours, with most of these variables barely changed. The acceleration stage lasts about 15 hours, in which the most remarkable variation occurs for all variables. There is no doubt that the variation is a result of the hydration of cement (mainly C 3 S). After about 22 hours from mixing the grout with water, the variation of all variables with the hydration time levels off, indicating the deceleration stage. As discussed above, the high-frequency relaxation is due to the reorientational polarization of free and loosely bound water. During the hydration process, the amount of tightly bound water including those trapped in the cement paste and chemically bond to the hydration products increases at the expense of free and loosely bound water. Considering that the whole amount of water molecule should keep nearly constant during the hydration process, the opposite variation tendency of 2 ε Δ as compared with 3 ε Δ suggests that the middle-frequency relaxation is most likely due to the polarization of tightly bound water. Note that the relaxation strength mainly decided by the amount of polarization unit (which is the amount of water molecules in the case of water polarization). The low-frequency relaxation is not likely due to the counterion diffusion polarization, because 1 ε Δ keeps increasing even though the DC conductivity is decreasing. This relaxation thus is most possible due to interfacial polarization, since with hydration time increasing more cement paste, which has huge specific surface area, will be produced and may give rise to more interfacial polarization.
V. CONCLUSION
We have introduced broadband dielectric measurement methods that are suitable for characterizing soft geomaterials, which couple network analysis technique with a CC or an OC. The calibration and calculation processes of these two sample cells are also simply reviewed, by which the dielectric behaviors of two practical geomaterials are investigated.
Kaolin after modified compaction with different water content is measured by using CC. The measurement result is consistent with our previous study on kaolin after standard compaction, which shows that the relaxation strength of interfacial polarization and dry density have a similar dependence on water content and thus suggests that the interfacial polarization of compacted kaolin has a strong correlation with dry density.
The hydration process of a commercial grout is monitored in real time by using OC. It is found that its dielectric behavior changes distinctly with the hydration time. At any given time, three dielectric relaxations can be observed in the investigated frequency range. The dependences of the dielectric relaxation profiles on the hydration time are found able to clearly indicate the different stages of the hydration process. The dependences also suggest that the observed low-, middle-, and high-frequency relaxations could be ascribed to interfacial polarization, reorientational polarization of tightly bond water, and reorientational polarization of loosely bond water, respectively. The result is also consistent with other studies on similar materials.
It is suggested that the methods introduced in this work are practical and effective in the characterization of soft geomaterials.
